Here, we examine the device architecture of two different types of solar cells mainly inverted organic solar cells and solid state dye-sensitized solar cells (DSSCs) that use organic materials as hole transportation. The inverted organic solar cells structure is dominated by work on titanium dioxide (TiO 2 ) and zinc oxide (ZnO). These layers are sensitized with dye in solid state DSSCs. Because of the similar device architecture, it becomes possible to fabricate laminated solid-state DSSCs. The performance of the device was improved by varying the top metal electrode. In laminated solid-state DSSC, we expect that excited dye molecules inject electron into the conduction band of nanocrystalline TiO 2 layer, whereas P3HT provides efficient hole transportation. These solar cells are promising for future energy source as they are cheaper, light weight, flexible and made into large areas, which are showing growing importance.
Introduction
Organic photovoltaic (OPV) provides promise of a low-cost solar photovoltaic solution and attracts significant academic and industry research. Organic semiconducting materials having delocalized pi (π) electron system can absorb sunlight, create exciton, and transport photogenerated charge carriers. They have higher absorption coefficients; therefore active layer of a few hundreds of nanometer range is enough. Electronic band gap of the materials can be controlled by chemical synthesis. Polymer-fullerene bulk heterojunction was studied showing several breakthroughs in efficiency [1] [2] [3] . Every year new record on power conversion efficiency (PCE) of organic solar cell is being set. Mitsubishi Chemical reportedly set a new efficiency record, producing organic solar cells with 9.2% conversion efficiency. Meanwhile, Konarka Technologies, Solarmer Energy Inc., and Heliatek are now reporting cells with efficiencies greater than 8% [4] . These results pave towards commercialization of the techniques. It is predicted that OPVs devices achieve 10% efficiency from single layer device and around 15% in tandem structure [5] . However, the conventional device architecture which consists of a poly(3,4-ethylenedioxythiophene):poly(styrenesulfonate) (PEDOT:PSS) as holecollecting layer and a bulk-heterojunction layer (polymerfullerenes), sandwiched between indium-doped tin oxide (ITO) or fluorine-doped tin oxide (FTO), and a low work function metal electrode is considered not efficient for higher power conversion efficiency and long stability. The low work function metal electrode can be easily oxidized in air leading to deterioration in performance. To address these problems, a new device architecture using a titanium oxide (TiO x ) or zinc oxide (ZnO) buffer layer between the organic active layer and ITO substrate has been introduced as a hole blocking and oxygen barrier layer for device stability. Therefore, the concept of inverted organic solar cell was introduced [6-9].
Inverted Solar Cell
The name "inverted" describes the reversed change in polarity of solar cell. For example, in ITO/PEDOT:PSS/ P3HT:PCBM/Al device structure, ITO and Al electrodes collect holes and electrons, respectively, as shown in Figure 1 But in inverted device structure, proper n or p-type interfacial layers are introduced above ITO or below metal electrode, which change the polarity of the device. Now, ITOs collect electrons and metal electrodes collect holes. In this way, the polarity of the solar cell is reversed. Schematic diagram of inverted solar cell is given in Figure 1 (b). Higher work function metal electrodes like gold (Au), silver (Ag), and copper (Cu) are generally used as top metal electrodes in inverted solar cell architecture. These metal electrodes are air-stable and make good contact with organic layers. Furthermore, nonvacuum coating technique process of top electrode is also possible [10] [11] [12] [13] , which is very important to reduce the device fabrication complexity and cost. Highenergy band gap materials such as zinc oxide (ZnO) [14, 15] , titanium oxide (TiO x ) [16] [17] [18] , cesium carbonates (Cs 2 CO 3 ) [19, 20] , and calcium (Ca) [21] are generally coated on ITO substrate for efficient electron transportation, whereas molybdenum trioxide (VI) MnO 3 [22] [23] [24] [25] [26] , vanadium oxide (V 2 O 5 ) [27, 28] , tungsten oxide (WO 3 ) [29, 30] , and solution-processed conducting polymer poly(3,4-ethylenedioxythiophene) poly(styrenesulfonate) (PEDOT:PSS) [31] [32] [33] , sulfonated poly(diphenylamine) (SPDPA) [34] are deposited or coated below the top metal electrodes. Such interfacial layers play important roles (a) to suppress contact resistance between the organic and charge collecting electrodes , (b) change non-Ohmic contact to Ohmic contact [19] , and (c) efficiently transport charges , and so on.
Furthermore, the inverted solar cell structures are classified into two categories. (Figure 1(b) ). In top illuminated inverted solar cell, it is important to note that the bottom electrode is metal foil instead of a glass substrate. Ag, ITO, Cs 2 CO 3 , Al are generally deposited in the metal foil to harvest light from reflection. The detail review on inverted polymer solar is given in [36] .
Laminated Polymer Solar Cell
Inverted polymer solar cell architecture is an efficient way to improve the efficiency as well as stability of organic solar cells. It can be further simplified by stamping or laminating top metal electrodes for roll-to-roll fabrication [37] [38] [39] [40] . It has been suggested that direct vacuum evaporation of the metal electrodes on the active polymeric layer could damage the surface morphology of the device reducing device performance [41] [42] [43] [44] [45] [46] . Therefore, stacking [37] [38] [39] [40] or stamping [47] [48] [49] [50] [51] processes are introduced to fabricate the device. Stacking or stamping as a method of device fabrication has several advantages over conventional-bottom up device fabrication process. They are (a) PCE of the stacking (or laminated) device which is almost similar or higher to the devices fabricated from the evaporated top metal electrode [37] [38] [39] [40] . (b) Laminated interface produces Ohmic contact to another layer showing high fill factor and low series resistance [39] . (c) The processing step of thermal evaporation of a metal onto the active layer is eliminated which reduces the high parasitic resistance [37, 38] . (d) Inert atmosphere for the fabrication of device is not necessary [37] [38] [39] [40] . (e) The device is self-encapsulated and mechanically protected from both sides [39] . (f) The methodology allows one to prepare, optimize, and characterize two parts of the device independently before bringing them to contact [37] [38] [39] [40] . (g) All solution processing fabrication of device is possible. (h) It is cost effective and simple method, which allows the fabrication of multijunction solar cell [37] .
One way to fabricate multijunction solar cell is by connecting two polymer blend layers with introduction of a (semi) transparent metal or semiconducting layer between the blend layers, which is generally named as tandem solar cell. In tandem structure, the intermediate layer works as charge recombination center; therefore the device has an open circuit voltage (V oc ) that is the sum of the values of two devices, whereas short circuit (J sc ) of the device is restricted to the smaller value of the two. On the other hand, in multilayer device, the two active layers are stacked directly (i.e., without any interfacial layer). Thus the device has a J sc value that is the sum of the values of the two cells. Recently, Sun et al. [52] demonstrated the fabrication of multilayer structure solar cell from solution-processing method. This unique temperature-dependent solubility of poly(2,5-bis(3-alkylthiophen-2-yl)thieno[3,2-b]thiophene) (PBTTT) enabled to spin-coat a solution of PBTTT at 70 • C and another overlaid polymer (MDMO-PPV) from the same solvent at room temperature without dissolving the underlying PBTTT layer. As a result, the fabrication of multilayer BHJ solar cells from all-solution process was achieved. Postannealed bilayer bulk-heterojunction devices yielded a V oc of 0.59 V, J sc values of 10.1-10.7 mA/cm 2 , FF of 0.55, and PCE of 3.0-3.2%, showing an increased J sc and PCE by a factor of 2 with respect to their single layer counterparts. Preparation of multilayer device from solution processing is difficult task because the underlying polymer layer may dissolve from the solution processing of the second polymeric solution. The follow-up work by Nakamura et al. demonstrates the fabrication of multilayer structure BHJ solar cell from lamination process [37, 53] . Multilayer structures consisting of two blend layers of poly(3-hexylthiophene):(6,6)-phenyl C61 butyric acid methyl ester (P3HT:PCBM) and poly{N-
PCBM were prepared by a simple thermal lamination technique under heat and pressure [37] . They demonstrated improvement in PCE of inverted-structure laminated photovoltaic devices from 1.6% to 2.6% based on single structural BHJ solar cell. The insertion of a PEDOT:PSS layer, between the metal electrode and polymer layer, further improved the PCE to 3.3%. However, lamination of two parts of the device to finish the final OPV structure was shown a decade ago for polymer-polymer bilayers [54] .
Heat and pressure are important parameters to laminate two different electrodes. Nakamura et al. suggested that adhesive materials were not necessary when heat and pressure were applied simultaneously [37, 53] . However, Bailey et al. noticed that 25% of devices without adhesive material delaminated when plates of the press were pull apart [39] . Conducting polymers like d-sorbitol are mixed with PEDOT:PSS to improve adhesive property. D-sorbitol is a transparent glue, exhibiting a conductivity of 10 2 Scm −1 that could effectively laminate various substrates electrically and mechanically. D-sorbitol melts and penetrates into the polymer at temperature above 98-100 The best-laminated device shows PCE of 3.19%, which is higher than the control devices produced with the best-evaporated top metal electrode. Such improvement comes from the increased work function of Ag metal electrode with air oxidation [39] . Similarly, Yuan et al. [38] increases the work function of Ag film by ultraviolet/ozone treatment for improved photovoltaic response. This treatment increases the coverage of the adhesive material (d-sorbitol) from 70% to 100%. The device architecture was PET/Ag/d-sorbitol// P3HT:PCBM/Cs 2 Co 3 /ITO/glass. Hot plate lamination technique also promotes the crystallization of PCBM material [38] . Under the one-sun simulated irradiation, the device with laminated PET/Ag/d-sorbitol anode shows the highest PCE compared to devices without Ag electrodes. The reduction of device performance in PET/ITO/d-sorbitol architecture is believed to be due to (a) the increase in sheet resistance of ITO substrates during multiple bending and (b) penetration of ITO fragments into the soft polymer layers during the lamination process that may form current leakage paths. Similarly, improvements in device performance with PEN/Ag/d-sorbitol anode have been explained as (a) better light harvest from the light reflection from top Ag anode film and (b) efficient charge collection, and (c) oxidation of Ag surface increases the anode work function and surface energy.
Solid-State Dye-Sensitized Solar Cell Using Conjugated Polymers as HTMs
Materials and technique that are used to fabricate inverted and laminated OPVs are almost same and similar to the materials and technique used to fabricate solid-state DSSCs that use conjugated polymers as HTMs. The prime differences are the sensitization of the ZnO or TiO 2 layers, its thickness, and role of the compact layer. Organic material like spiro-OMeTAD possesses higher PCE in solid-state DSSCs family [55] . But spiro-OMeTAD has low hole mobility and high fabrication cost compared to the conjugated organic polymer materials. Therefore, p-type conjugated polymer materials are one of the promising materials in this case [56] [57] [58] . External quantum efficiency (EQE) shows the large contribution of photocurrent generation from the sensitized layer . Short circuit condition requires the electron injection from the excited dye molecule into conduction band of TiO 2 and transfer of the hole through polymer layer to the back contact electrode. For this, several requirements have to be fulfilled [59] . They are as follows.
(a) The p-type polymeric material must be highly transparent in the spectral range, where the dye absorbs light.
(b) p-type polymeric material must be available for depositing without dissolving or degrading the dye monolayer on TiO 2 nanocrystallites.
(c) The excited state energy level of dye should be located above the conduction band of TiO 2 , and the ground state must be below the upper edge of the valence band of the p-type polymeric material. This is essential for electron transfer from the excited dye molecule to the conduction band of TiO 2 and hole transfer to the valence band of the p-type polymeric material.
Various triarylamine-based polymers [60] [61] [62] [63] , poly(3alkylthiophene)s [64] [65] [66] [67] [68] [69] [70] [71] [72] [73] [74] [75] [76] , polypyrrole [77] [78] [79] [80] , polyaniline [81] [82] [83] [84] [85] , are studied as HTMs in solid-state DSSCs. The polymers cast from solutions must penetrate into the pores between the nanoparticles and should form a good contact with the absorbed dye. Karthikeyan et al. [86] demonstrated the self-organized interacted molecular between the dye and polymer layers, for the efficient transfer of hole from excited dye to polymer material. Actually, they developed ruthenium complexes carrying different triphenylamine-based donor groups, which combine with a triarylamine material of spiro-OMeTAD. The result indicated that the dye/spiro-OMeTAD interfaces are self-organized by oleophilic interaction resulting in improved photocurrent and efficiency. Similarly, Jiang et al. [74] also reported the dyes with oleophilic thienyl groups, which show power conversion efficiency of up to 2.7%. Such improvement in PCE is also believed because of self-organized interface between dye molecules and polymer material.
Laminated Solid-State Dye-Sensitized Solar Cell
In the previous section, it was noticed that lamination as a method of device fabrication has several advantages over conventional metal evaporation method. 
Preparation of TiO 2
Slurry. TiO 2 slurry is prepared in the following way. At first, 4 mg of P25 TiO 2 nanoparticles was mixed with 0.4 mL acetylacetone (2,4-Pentanedione) and ground for a few minutes till it changes to light golden color. In the second step, deionized water (0.5 mL) was poured on it and ground for 5 minutes. At every 5 minutes, the same amount of deionized water (0.5 mL) was added and ground. This process was repeated for 7 times then 2 mL of TritonX (30 vol%) was mixed on the solution. Finally, fine PEG (0.4 mg) was added to the TiO 2 slurry and ground for a few minutes (10 minutes). The prepared TiO 2 paste was spin coated on the surface of FTO-TiO x compact layer.
Device Fabrication.
The above substrates were sintered at 450 • C for 30 min and sensitized with Ru-dye (N719) for 18 hours in ethanol solution. P3HT (17 mg/mL) solution in 1,2-dichlorobenzene was spin coated on the surface of dye-sensitized TiO 2 layer at 2000 rpm for 40 sec. This completes the fabrication of one (bottom electrode) part of the laminated solid-state DSSC. Another part (top electrode) was prepared in flexible ITO plastic substrate (with and without Au deposition) by spin coating PEDOT:PSS (with 10 wt% of D-sorbitol) at 500 rpm for 30 sec. Finally, the two parts of the device were placed one above another at hot plates and laminated under heat (120 • C) and pressure (1.2 Mpa) in air. Before lamination, the edges of the FTO substrates were covered with plastic tape so that the cracked or bare spaces at the edges do not touch the upper electrode. microscopy (AFM) images were obtained by Spa 300 SII Seiko Instrument. Figure 2 shows the improvement in transparency of FTO substrates from 400 nm to 750 nm wavelength after spin coating of TiO x solution. The reason for this transmission improvement is unknown at present condition because of the lack of chemical compositions of the commercial product (PASOL HPW-18NR). Figure 4(a) shows the SEM image of the TiO 2 film (not TiO x ) on FTO substrate. After sintering, cracks were observed in the film. With liquid electrolyte, DSSC works well even though the conducting FTO substrate is in direct contact with the electrolyte at the FTO/electrolyte interface. But for solid-state DSSC, this becomes the problem. Crack-free titanium layer was prepared by mixing the same amount of commercial available titanium paste (Pasol-HPW-18NR) with our prepared paste with 1 : 1 ratio. Thin film produced from the mixed slurry lacks cracks after sintering as shown in Figure 4 (b). Figure 5(a) shows the device configuration of solid-state DSSC fabricated from hot press lamination. The melting point of dsorbitol is about 90∼100 • C. After reaching to its melting point, it laminates two electrodes electrically and mechanically. Its solvent-free electric glue exhibits a conductivity of 10 2 S/cm [40] . Figure 5 Figure 6 shows the J-V characteristics of the photovoltaic devices measured under AM 1.5 simulated solar radiations. The cells were prepared with and without Au-deposited ITO-PET substrate. The mask of area 0.16 cm 2 was used during J-V measurement. Under illumination, Au-deposited ITO-PET device shows J sc and V oc about 0.031 mA/cm 2 and 0.122 V, respectively. The fill factor (FF) and white light conversion efficiency (η) are about 0.272 and 0.001%, respectively. A twin reference cell fabricated on identical parameters with ITO-PET substrate shows no good photovoltaic response. We believe that such improvement in photovoltaic properties is due to excess light harvest from light reflection through top metal electrode and good contact between metal electrode and polymer layer. In bare ITO substrate, it may be possible that ITO fragments penetrate the soft polymer layer during the lamination process that may form current leakage path. The photovoltaic properties that are stated here are just a report on the successful fabrication of solidstate DSSCs from hot plate lamination method. There is a lot of scope to optimize the device parameters for the improved photovoltaic properties. Sensitizing TiO 2 particles with dye of high molar extinction coefficient, optimization of parameters, improving crystallinity of polymer materials, and incorporating quantum dots and carbon nanomaterials with polymer or TiO 2 particles are some of the simple ways to improve the device performance. The control device parameters will be discussed on separate communication. Generally, p-type semiconducting polymers that accept holes from the dye cation are important. In FTO/TiO x /N719-TiO 2 /P3HT//PEDOT:PSS (d-sorbitol)/Au/ITO/PET configuration, we believe that photoexcited dye molecules inject electrons into the conduction band of TiO 2 (E cb ∼ 4 eV) and hole towards P3HT. The favorable charge transportation is suitable because the excited state energy level of N719 (LUMO ∼ 3.7 eV) is located above the conduction band of TiO 2 , and the ground state (HOMO ∼ 5.5 eV) level is below the upper edge of the valance band of the P3HT (E vb ∼ 5.1 eV). This is essential for electron transfer from the excited dye molecule to the conduction band of TiO 2 and hole transfer to the valance band of P3HT. P3HT possesses high hole mobility of up to 0.1 cm 2 V −1 s −1 . Energetically favorable charge transportation and band diagram are shown in Figure 7 .
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Conclusion
Inverted organic solar cell architecture allows depositing various layers of material onto flexible substrates from solution processing to industrial roll-to-roll manufacture. This device architecture is further modified by depositing, optimizing, and characterizing two parts of the organic layers independently in laminated organic solar cell. The power conversion capacities of inverted and laminated solar cells are almost same or higher to the power conversion efficiency of devices fabricated from conventional process. More interestingly, the device architecture of inverted solar cells is similar to the device architecture of solid-state DSSCs that use conjugated polymer as HTMs, which make it possible for the fabrication of laminated solid-state DSSCs. Fabrication of solid-state DSSC from hot plate lamination is simple and cost-effective method. The present studies offer novel directions for achieving high-efficiency solid-state DSSCs by optimizing and characterizing two different parts of the device independently before bringing them to contact.
